Cdk5, which plays a role in the development and progression of many human cancers, localizes in the mitochondria, a key determinant of apoptotic cell death. Cdk5 is upregulated in breast cancer cells but it was shown that Cdk5 loss increases chemotherapy-induced apoptosis. However, the molecular mechanism by which Cdk5 loss promotes cell death remains unclear. Here, we investigate the possibility that Cdk5 loss activates the intrinsic apoptotic pathway in breast cancer cells. We demonstrate that Cdk5-deficient breast cancer cells exhibit increased mitochondrial depolarization, mitochondrial ROS levels, and mitochondrial fragmentation that is associated with an increase in both intracellular Ca 2+ level and calcineurin activity, and DRP1 S637 dephosphorylation. These events accompany increased apoptosis, indicating that Cdk5 loss promotes mitochondria-mediated apoptosis. To define this apoptotic pathway, we utilized various inhibitors of mitochondrial function. Apoptosis is completely prevented by mPTP inhibition, almost fully inhibited by blocking ROS and unaffected by inhibition of mitochondrial fission, suggesting that apoptosis in breast cancer cells due to Cdk5 loss occurs via a novel mPTP-dependent mechanism that acts primarily through ROS increase.
Introduction
Cyclin-dependent kinase 5 (Cdk5) is a proline-directed serine/threonine kinase that functions in the development and progression of many types of human cancer by regulating cell proliferation, metastasis, DNA repair, checkpoint escape, and apoptosis [1] . Cdk5 expression is particularly upregulated in breast cancer [2, 3] and correlated with tumor progression and poor prognosis [2] [3] [4] . Interestingly, loss of Cdk5 was found to increase cancer cell sensitivity to chemotherapeutic drugs such as cisplatin and camptothecin, as well as poly ADP ribose polymerase (PARP) inhibitors [5] , paclitaxel [6] , and bortezomib [7] . However, the precise mechanism that links Cdk5 loss to increased drug sensitivity and cell death, particularly in breast cancer cells, remains to be investigated.
Cdk5 also affects mitochondrial function, which plays a key role in cell death. Previous studies of Cdk5 in the mitochondria have mainly focused on neuronal cells where Cdk5 was identified as an upstream regulator of mitochondrial fission in neurodegenerative conditions [8] . Although Cdk5 was found to protect neurons from apoptotic and necrotic cell death [9] , inhibition of Cdk5 activity in prostate, pancreatic, and breast tumors was determined to suppress growth in vitro and in vivo [2, [10] [11] [12] . Apoptosis occurs via two major pathways: the extrinsic or death receptor-mediated pathway and the intrinsic or mitochondria-mediated pathway. These pathways are linked [13] and merge at the same final pathway that begins with caspase-3 cleavage and ends with DNA fragmentation, protein degradation, and cross-linking, and apoptotic body formation. In the mitochondrial apoptotic pathway, mitochondria release pro-apoptotic proteins such as cytochrome C, which is required to initiate the apoptosome and to activate caspases. This intrinsic apoptotic pathway requires mitochondrial outer membrane permeabilization and mitochondrial permeability transition pore (mPTP) opening in the inner membrane. The mPTP, which contains cyclophilin D and F 0 -F 1 ATP synthase [14] [15] [16] [17] , is a voltage-dependent, high-conductance channel that is activated by mitochondrial Ca 2+ overload [18, 19] and controls the permeability of the inner mitochondrial membrane. Prolonged mPTP opening leads to decreased membrane potential or mitochondrial depolarization, inhibition of oxidative phosphorylation, generation of reactive oxygen species (ROS), and ATP hydrolysis [20] . It can also cause swelling of the matrix that could lead to outer membrane rupture, facilitating release of intermembrane space (IMS) proteins [21] [22] [23] , including Smac/DIABLO and Omi/HtrA2, which increase caspase activation by blocking the effects of the inhibitor of apoptosis proteins [24] [25] [26] .
Cdk5 localizes to the inner mitochondrial membrane [27] . In neurons, Cdk5 regulation of mitochondrial dynamics and the intrinsic apoptotic pathway has been associated with phosphorylation of the GTPase, dynaminrelated protein 1 (DRP1), at Ser 585 (rat)/Ser 616 (human). DRP1 Ser 585 (rat)/Ser 616 (human) phosphorylation inhibits mitochondrial fission in maturing neurons [28] but paradoxically, promotes mitochondrial fission during neuronal injury and in brain tumor-initiating cells [29, 30] . Conversely, DRP1 is phosphorylated at Ser 656 (rat)/Ser 637 (human) by protein kinase A (PKA) and its dephosphorylation by calcineurin induces mitochondrial fission [31, 32] . Thus, it appears that the consequence of DRP1 phosphorylation on mitochondrial dynamics hinge on the physiological, pathological, and cellular contexts. In cancer cells, the role of Cdk5 in mitochondrial dynamics and mitochondria-mediated cell death remains to be explored.
As Cdk5 loss enhances the sensitivity of breast cancer cells to drug therapy, particularly to PARP inhibitors [5, 33] , we used breast cancer cells to understand how Cdk5 loss may regulate mitochondrial events, including the intrinsic apoptotic pathway in these cells. We demonstrate that Cdk5 loss promotes mPTP-induced increase in mitochondrial depolarization, ROS level, and DRP1-Ser 637 dephosphorylation-associated mitochondrial fragmentation, and ultimately cell death.
Results

Cdk5 loss triggers a robust increase in ROS generation in breast cancer cells
To identify the cellular events affected by Cdk5 loss in breast cancer cells, we depleted Cdk5 in the MDA MB-231 breast cancer cell model by transfection with Cdk5 siRNAs. Cdk5 was almost completely depleted in these cells 72 h post-transfection with two different Cdk5 small interfering RNAs (siRNAs; #1 and #2; Supplementary Figure 1A) . As hyperactivation of Cdk5 causes oxidative stress [34, 35] that promotes death in neuronal cells, we examined the intracellular ROS level in Cdk5-depleted MDA MB-231 cells. Contrary to expectations, by 2′,7′-dichlorofluorescin diacetate (DCFDA) staining and microscopic analysis, we observed increased level of ROS production in MDA MB-231 cells depleted of Cdk5 compared with control cells (Supplementary Figure 1B) , indicating that the link between Cdk5 and oxidative stress in breast cancer cells is distinct from that in neuronal cells [34, 35] .
To further examine the effect of Cdk5 loss in breast cancer cells, we extended our investigation to include additional breast cancer cell models, MCF-7 and SKBR-3. As Cdk5 siRNAs #1 and #2 have similar efficiency in knocking down Cdk5 and both siRNAs were functionally effective in inducing oxidative stress and mitochondrial dysfunction in MDA MB-231 breast cancer cells (Supplementary Figure 1 ), we also decided on using only siRNA #1 in subsequent experiments to avoid unnecessary experimental repetition. Cdk5-depleted breast cancer cells (Fig. 1a (MDA MB-231 and MCF-7) and Supplementary Figure 2A (SKBR-3)) had increased DCFDA staining for intracellular hydrogen peroxide (Fig. 1b and Supplementary Figure 2B) . Consistent with microscopic data, flow cytometry analysis indicated a 28% (MDA MB-231), 40% (MCF-7), and 30% (SKBR-3) increase in intracellular hydrogen peroxide in Cdk5-depleted compared with control cells. As mitochondria are a major source of ROS, we also sought to examine ROS levels in this organelle by MitoSOX staining. As shown in Fig. 1c and Supplementary Figure 2C , mitochondrial superoxide anion levels in Cdk5-depleted cells were significantly higher compared with control cells and flow cytometry showed a 45% (MDA MB-231), 30% (MCF-7), and 35% (SKBR-3) increase in mitochondrial superoxide anions in Cdk5-depleted cells compared with control cells.
Loss of Cdk5 reduces mitochondrial membrane potential in breast cancer cells
As mitochondrial depolarization has been linked to mitochondrial ROS increase [36, 37] , we next examined mitochondrial membrane potential in breast cancer cells depleted of Cdk5. Cdk5-depleted MDA MB-231 and MCF-7 cells were stained with the fluorescent probe, JC-1. Analysis of ratiometric JC-1 staining by flow cytometry revealed a 27% and 20% increase in the number of cells with depolarized mitochondria in Cdk5-depleted MDA MB-231 and MCF-7 cells, respectively, compared with corresponding control cells (Fig. 2a) . In addition, analysis of JC-1 staining by flow cytometry revealed a 35% increase in the number of cells with depolarized mitochondria in Cdk5-depleted SKBR-3 cells compared with corresponding control cells (Supplementary Figure 2D) . This result suggests reduced mitochondrial membrane potential in cells lacking Cdk5. Consistent with this finding, Cdk5-depleted MDA MB-231 and MCF-7 cells have reduced monochromatic tetramethylrhodamine methyl ester perchlorate (TMRM) staining (Fig. 2b) , further indicating decreased mitochondrial membrane potential in these cells. Analysis of total cellular ATP levels in Cdk5-depleted MDA MB- and (c) represent % increase in mean fluorescence intensity over the control siRNA-transfected cells as analyzed by flow cytometry. All values are means ± SEM from triplicate experiments. Statistical analysis was performed using a Student's t-test (unpaired). * indicates statistically significant difference at p < 0.05 231, MCF-7, and SKBR-3 cells showed an 87%, 64%, and 55% reduction in total ATP concentration, respectively ( Fig. 2c and Supplementary Figure 2E) . Thus, Cdk5 loss caused an increase in mitochondrial depolarization and subsequent reduction of cellular ATP level.
Cdk5 loss induces mitochondrial fragmentation that is accompanied by DRP1-S637 dephosphorylation resulting from increased intracellular Ca 2+ level and calcineurin activity
Previous studies indicate that mitochondrial depolarization in HeLa cells causes dephosphorylation of Drp1 at S637 by calcineurin and such dephosphorylation promotes mitochondrial fission [32] . As activity of calcineurin is dependent upon Ca 2+ binding, we examined whether increased mitochondrial depolarization in breast cancer cells lacking Cdk5 affects intracellular Ca 2+ level and calcineurin activity in these cells. As shown in Fig. 3a , intracellular Ca 2+ levels in Cdk5-depleted MDA MB-231 and MCF-7 cells were higher compared with control cells. Similarly, calcineurin activity was elevated in Cdk5-depleted cells (Fig. 3b) . We then examined the phosphorylation status of DRP1-S637 in these cells. Consistent with an increase in both intracellular Ca 2+ levels and calcineurin activity, we observed that Drp1 S637 phosphorylation was lower in Cdk5-depleted MDA MB-231 and MCF-7 cells compared with control cells (Fig. 3c) .
Mitochondrial fusion and fission play important roles in the maintenance, integrity, and bioenergetics capacity of the mitochondrial network. Imbalance of mitochondrial fission and fusion induces various cellular pathological pathways, including apoptosis, mitophagy, and autophagy [38, 39] . Because HeLa mitoDsRed2 cells, which express stable mitochondrial-targeted DsRed2 fluorescence (mitoRFP), are frequently used to study mitochondrial dynamics such as fusion and fission events [40, 41] , we used these cells to examine mitochondrial dynamics following Cdk5 depletion. As with Cdk5-depleted MDA MB-231 and MCF-7 breast cancer cells, HeLa mitoDsRed2 cells depleted of Cdk5 (Supplementary Figure 3A) exhibited increased production of intracellular hydrogen peroxide and mitochondrial superoxide anions (Supplementary Figure 3B , upper and lower panels, respectively). A higher percentage of these cells also had depolarized mitochondria compared with control cells (Supplementary Figure 3C) . We then looked at mitochondrial fragmentation in these cells by confocal microscopy. As shown in Fig. 3d , Cdk5 knockdown HeLa mitoDsRed2 cells exhibited considerable increase in mitochondrial fragmentation, whereas control cells had more fused mitochondria. Quantitative analysis (Fig. 3e) showed fragmented mitochondria in 34% of the Cdk5-depleted cells and in only 5% of the control cells. Conversely, fused and elongated mitochondria were observed in 18% of the Cdk5-depleted cells and in 58% of the control cells. Next, we examined mitochondrial fragmentation in MDA MB-231 breast cancer cells by confocal microscopy (Fig. 3f) . As with Cdk5-depleted HeLa mitoDsRed2 cells, Cdk5 knockdown MDA MB-231 cells showed considerable increase in mitochondrial fragmentation, whereas control cells had more fused mitochondria. Quantitative analysis (Fig. 3g) showed fragmented mitochondria in 64% of the Cdk5-depleted cells and in only 19% of the control cells. Conversely, fused and elongated mitochondria were observed in 10% of the Cdk5-depleted cells and in 50% of the control cells.
To eliminate the possibility that the observed increase in mitochondrial fragmentation following Cdk5 depletion in MDA MB-231 breast cancer cells (Figs. 3f, g) was due to increased rate of mitochondrial biogenesis, we examined the mtDNA copy number in these cells by semiquantitative reverse transcriptase-PCR and quantitative real time PCR and determined the mitochondrial mass by MitoTracker green staining and flow cytometry. Our results showed that Cdk5 depletion did not alter the mtDNA copy number (Supplementary Figure 4A and B) and mitochondrial mass (Supplementary Figure 4C) in MDA MB-231 and MCF-7 cells, indicating that our observed increase in mitochondrial fragmentation in Cdk5-depleted cells was not due to increased mitochondrial biogenesis.
Loss of Cdk5 promotes apoptosis via the mitochondria-mediated pathway
As defects in the mitochondria could induce apoptosis, we examined whether Cdk5 loss in breast cancer cells promotes apoptosis. As shown in Fig. 4a , Cdk5-depleted MDA MB-231 and MCF-7 cells subjected to Annexin V/7-aminoactinomycin D (7-AAD) staining and flow cytometry showed increased apoptosis compared with control cells: 39% vs 2% in MDA MB-231 cells and 23% vs 1% in MCF-7 cells. To determine whether increased apoptosis in Cdk5-depleted cells was due to activation of the intrinsic apoptotic pathway, we analyzed the levels of pro-caspase-3 and -9 and their active forms in Cdk5-depleted MDA MB-231 and Briefly, following incubation of cell lysates with reaction buffer containing DTT, luciferin, and luciferase, luminescence was measured at 560 nm using a plate reader. Values from three (a) or four (c) independent experiments are expressed as means ± SEM. * indicates p < 0.05 using the Student's t-test (unpaired) Fig. 3 Cdk5 loss induces mitochondrial fragmentation that is accompanied by DRP1-S637 dephosphorylation that results from an increase in both intracellular Ca 2+ level and calcineurin activity. MDA MB-231 and MCF-7 cells transfected with Cdk5 or control siRNA for 72 h were examined for (a) intracellular Ca 2+ level and (b) calcineurin activity as described in Materials and methods section. Intracellular Ca 2+ level was measured by Fluo-4 AM (5 µM) staining for 30 min at 37°C. Calcineurin activity was assessed by colorimetric assay (Abcam) and data were normalized based on control siRNA-treated cells and thus, the graph represents % increase in calcineurin activity over the control siRNA-transfected cells. Values are from three independent experiments and expressed as means ± SEM. * indicates p < 0.05 using Student's t-test (unpaired). c Level of DRP1 phosphorylation at S637 in MDA MB-231 and MCF-7 cells depleted of Cdk5 and in corresponding control cells. Cell lysates were subjected to immunoblot analysis using phospho S637-specific and total DRP1 antibodies as well as Cdk5 and actin antibodies. Blot shown represents one of three blots with similar patterns. Actin blot serves as a loading control. HeLa mitoDSRed2 cells (d) and MDA MB-231 (f) transfected with Cdk5 or control siRNA were subjected to confocal microscopy (ZEN lite) at 40x oil immersion. Images on the right panel are magnified views of the boxed areas on the left panel. Scale bar = 5 µm. Quantitative analysis represent percentage of fused, intermediate, and fragmented mitochondria in HeLa mitoDS cells (e) and MDA MB-231 (g) transfected with Cdk5 or control siRNA. Analysis was performed blindly in 150 cells per treatment group. Values are means ± SEM from three independent experiments. * and ** indicates p < 0.05 and p < 0.01, respectively, using the Student's t-test (unpaired) MCF-7 cells. As shown in Fig. 4b , Cdk5 depletion caused an increase in cleaved caspase-9 level in both MDA MB-231 and MCF-7 cells but an increase in cleaved caspase-3 level only in MDA MB-231 cells, which was expected as caspase-3 is not expressed in MCF-7 cells [42] . These findings indicate that Cdk5 loss induces cell death through the intrinsic apoptotic pathway that involves caspase-3 and/ or caspase-9 activation. As ROS increase and mitochondrial depolarization and fragmentation, which we observed in Cdk5-depleted breast cancer cells, have been shown to influence each other [43, 44] , we sought to identify the sequence of mitochondrial events following Cdk5 depletion in breast cancer cells. Inhibition of mPTP prevents mitochondrial depolarization and ROS increase in Cdk5-depleted breast cancer cells
Because prolonged opening of mPTP could result in mitochondrial depolarization and decreased synthesis of mitochondrial ATP, consequently leading to cell death [45] , we sought to examine whether mPTP opening caused the observed mitochondrial dysfunction following Cdk5 loss in breast cancer cells. To do so, we examined the effect of the mPTP inhibitor, cyclosporin A (CsA), on the ROS increase and mitochondrial depolarization in cells depleted of Cdk5. MDA MB-231, MCF-7, and SKBR-3 cells depleted of Cdk5 and treated with CsA were stained with MitoSOX red and JC-1 to assess mitochondrial ROS level and membrane potential, respectively. Both fluorescence microscopy (Fig.  5a , upper panel) and flow cytometry (Fig. 5a , lower panel and Supplementary Figure 5A) showed that CsA almost completely inhibited the production of mitochondrial superoxide anions in cells depleted of Cdk5. As expected, CsA almost fully inhibited mitochondrial depolarization in Cdk5-depleted cells (Fig. 5b and Supplementary Figure  5B) . Treatment of the Cdk5-depleted cells with another mPTP inhibitor, sanglifehrin A (SfA) similarly reduced mitochondrial ROS production (Supplementary Figure 6A) and membrane potential (Supplementary Figure 6B) in these cells, indicating that mPTP opening lies upstream of mitochondrial depolarization and ROS increase that results from Cdk5 loss.
Specific inhibition of mitochondrial ROS partially reverses mitochondrial depolarization due to Cdk5 loss in breast cancer cells
We then examined the effect of Mito-Tempo, a mitochondrial ROS scavenger, on mitochondrial depolarization in MDA MB-231, MCF-7, and SKBR-3 cells depleted of Cdk5. As shown in Fig. 6a and Supplementary Figure 5B , Mito-Tempo only partially reduced mitochondrial depolarization in Cdk5-depleted cells. As expected, fluorescence live cell microscopy (Fig. 6b, upper panels) , as well as flow cytometry (Fig. 6b , lower panels and Supplementary Figure  5A) showed that Mito-tempo almost completely quenched the mitochondrial superoxide anions in Cdk5-depleted cells. These observations further suggest that mitochondrial depolarization lies upstream of ROS increase but that mitochondrial depolarization in Cdk5-depleted cells is partially due to ROS increase in these cells.
Mitochondrial fragmentation due to Cdk5 loss is a downstream event of mPTP opening and mitochondrial depolarization
To examine whether mitochondrial fragmentation resulting from Cdk5 loss occurs via mPTP opening, Cdk5-depleted breast cancer cells and HeLa mitoDsRed2 cells were treated with the mPTP inhibitors, CsA and SfA. As shown in Figs. 7a, b and Supplementary Figure 7 , mitochondrial fragmentation in these cells was almost completely inhibited following CsA or SfA treatment, further supporting our view that mPTP opening lies upstream of mitochondrial fragmentation. We then examined the effect of the ROS scavenger, Mito-Tempo, on mitochondrial fragmentation in Cdk5-depleted breast cancer, and HeLa mitoDsRed2 cells. As shown in Figs. 7a, b and Supplementary Figure 7 , treatment with Mito-tempo also partially inhibited mitochondrial fragmentation in these cells, suggest that ROS increase also partially contribute to mitochondrial fragmentation. As CsA and SfA prevented mitochondrial fragmentation in Cdk5-depleted cells, we checked whether these inhibitors also affect DRP1 phosphorylation in these cells. As shown in Fig. 7c , DRP1 S637 is dephosphorylated in cells depleted of Cdk5 but CsA and SfA reversed such dephosphorylation, suggesting that mPTP inhibition by CsA and SfA prevented mitochondrial fragmentation in Cdk5-depleted cells by inhibiting mitochondrial depolarization and subsequently preventing calcineurin dephosphorylation of Drp1 S637.
mPTP inhibition prevents breast cancer cell death induced by loss of Cdk5
Finally, we sought to examine the effects of CsA, SFA, Mito-Tempo, and Mdivi-1 on the survival of Cdk5-depleted breast cancer cells. As shown in Fig. 8 , Cdk5 loss caused death in 40% and 30% of MDA MB-231 and MCF-7 cells, respectively, on day 3 following Cdk5 depletion. The mPTP inhibitors, CsA and SFA, completely prevented this effect, showing 100% survival in cells lacking Cdk5. ROS inhibition using Mito-Tempo almost completely inhibited cell 
Discussion
Cdk5 was previously shown to localize to the inner mitochondrial membrane [27] . The significance of Cdk5 in mitochondrial function, which controls the intrinsic apoptotic pathway, has been primarily investigated in neurons. However, the implicated roles of Cdk5 in cancer and apoptosis [10, 46] , as well as its upregulated expression [3, 4, 47, 48] , particularly in breast cancer cells [2] , and its sensitizing effect on these cells to therapy when expression is lost [5] [6] [7] , prompted our investigation on the potential function of Cdk5 in breast cancer cell mitochondria and mitochondria-mediated apoptosis in these cells. We identify mPTP as a target of Cdk5 and demonstrate that through mPTP, Cdk5 regulates mitochondrial depolarization and ROS level, as well as mitochondrial fragmentation, and consequently, the intrinsic apoptotic pathway in breast cancer cells. Our proposed mitochondria-mediated apoptotic pathway due to loss of Cdk5 in breast cancer cells is shown in Fig. 9 .
Initially, we found that loss of Cdk5 in breast cancer cells causes mitochondrial depolarization, as observed upon Cdk5 inhibition by its pharmacological inhibitor, roscovitine, in HEK293T kidney epithelial cells. However, we additionally found that Cdk5 loss in breast cancer cells also increases mitochondrial ROS production and reduces cellular ATP level, indicating that Cdk5 loss leads to mitochondrial dysfunction. Mitochondrial depolarization due to reduced mitochondrial membrane potential, increased mitochondrial ROS, as well as decreased cellular ATP are likely due to an increase in permeability of the inner mitochondrial membrane that results from prolonged mPTP opening due to Cdk5 loss. This premise is consistent with our observation that treatment of Cdk5-deficient cells with an mPTP inhibitor, CsA or SfA, reverses the effects of Cdk5 loss on mitochondrial membrane potential and mitochondrial ROS level. CsA and SfA inhibit opening of the mPTP by binding to cyclophilin D and inhibiting its Fig. 9 Model for the intrinsic apoptotic pathway in breast cancer cells lacking Cdk5. Loss of Cdk5 in breast cancer cells causes opening of the mPTP, followed by mitochondrial depolarization and ROS increase, which leads to the activation of caspases and cell death. Opening of the mPTP and subsequent mitochondrial depolarization in cells lacking Cdk5 also results in calcium release and calcineurin activation that causes dephosphorylation of DRP1 at S637, which accompanies mitochondrial fragmentation in breast cancer cells lacking Cdk5 peptidyl-prolyl cis-trans isomerase activity [49, 50] . Our findings indicate that mPTP opening due to Cdk5 loss lies upstream of mitochondrial depolarization and ROS increase in Cdk5-depleted cells. However, as specific inhibition of mitochondrial ROS with Mito-Tempo partially reverses mitochondrial depolarization, it appears that ROS increase contributes in part to mitochondrial depolarization in Cdk5-depleted cells.
The fact that the high-conductance mPTP opening is activated by mitochondrial Ca 2+ overload [18, 19] is further consistent with our observation that intracellular Ca 2+ level is elevated in Cdk5-deficient cells. Thus, it is not surprising that the calcium-dependent calcineurin phosphatase activity is similarly upregulated in cells lacking Cdk5. Subsequently, the calcineurin target, DRP1, is dephosphorylated at S637 in these cells. These events that result from Cdk5 loss are associated with mitochondrial fragmentation. Indeed, calcineurin dephosphorylation of DRP1 at S637 stimulates DRP1 translocation to the mitochondria, leading to increased mitochondrial fission [32] . Conversely, DRP1 phosphorylation at S637 by PKA or Ca 2+ /calmodulin-dependent protein kinase II promotes DRP1 detachment from the mitochondria causing inhibition of mitochondrial fragmentation [31, 32] .
Previously, phosphorylation of DRP1 at S616 (human)/ S585 (rat) was found to have different effects [28] . For example, in pancreatic cancer cells [51] and during HeLa cell mitosis [52] , DRP1 phosphorylation at S616 by Erk2 and Cdk1, respectively, causes mitochondrial fission. Conversely, Cdk5-dependent phosphorylation of DRP1 at S616 was linked to mitochondrial elongation during neuronal maturation [28] . In the current study, although Cdk5-dependent DRP1 S616 phosphorylation in breast cancer cells may also contribute to mitochondrial elongation, loss of Cdk5-mediated DRP1 S616 phosphorylation (which corresponds to the lost phosphorylation in Cdk5-depleted cells: Supplementary Figure 8 , lanes 2, 4 and 6) does not cause mitochondrial fragmentation. This is consistent with the report of Cereghetti et al. [32] that the phosphorylation status of Drp1 S637 is dominant over that of Drp1 S616. The fact that CsA and SfA treatments, which inhibit mitochondrial fragmentation in cells lacking Cdk5 (Figs. 7a, b and Supplementary Figure 7) , has no effect on the phosphorylation status of DRP1 S616 in these cells (Supplementary Figure 8 , lanes 2, 4, and 6) indicates that mPTP opening rather than lack of DRP1 S616 phosphorylation due to Cdk5 loss is the key element involved in mitochondrial fragmentation. As CsA was also suggested to act as a calcineurin inhibitor and inhibits Drp1 dephosphorylation in rat kidney proximal tubular cells subsequently inhibiting mitochondrial fission [53] , the use of SfA in addition to CsA supports our view that mitochondrial fission due to Cdk5 loss is a result of mPTP dysregulation.
With increased mPTP opening, mitochondrial depolarization, and ROS increase in Cdk5-deficient cells, it is likely that IMS proteins, including cytochrome C, are released from these cells. Thus, it is not surprising that we observed caspase-3 and/or caspase-9 activation in Cdk5-depleted MDA MB-231 and MCF-7 cells and subsequent apoptosis of these cells. Indeed, prolonged mPTP opening, which seems to result from Cdk5 loss in breast cancer cells, is required for the intrinsic apoptotic pathway [54, 55] . Absence of caspase-3 in MCF-7 cells [42] suggests that a caspase-3-independent mechanism is involved in the apoptosis of these cells upon Cdk5 depletion. Nonetheless, our findings point to mPTP opening and increased ROS, which is known to directly induce DNA damage [56, 57] , as a mechanistic pathway that induces apoptosis upon loss of Cdk5. This view is consistent with the observed spontaneous DNA breaks and cell cycle arrest following Cdk5 depletion in breast and ovarian cancer cells [5, 6] .
The ability of CsA and SfA to reverse DRP1 S637 dephosphorylation and completely inhibit mitochondrial fragmentation indicate that mPTP inhibition promotes DRP1 S637 phosphorylation and such phosphorylation prevents mitochondrial fragmentation in Cdk5-depleted cells. Our observation further supports our notion that mPTP opening and subsequent mitochondrial depolarization lie upstream of DRP1 S637 dephosphorylation and subsequent mitochondrial fragmentation. Given that CsA and SfA completely rescues cell death due to Cdk5 loss, and Mito-Tempo almost fully prevents such death while Mdivi-1 has no inhibitory effect on death induced by Cdk5 loss indicate that intrinsic apoptosis in Cdk5-depleted cells occurs through an mPTP-dependent mechanism and predominantly via ROS increase. The specific molecular mechanism by which Cdk5 regulates mPTP opening is currently under investigation.
Together, our studies point to the existence of a novel Cdk5-regulated mPTP apparatus that is required for the functional maintenance of the mitochondria and for controlling the intrinsic apoptotic pathway in breast cancer cells. We propose that Cdk5 loss in breast cancer cells increases their sensitivity to drug therapy due to dysregulation of mPTP-dependent mitochondrial functions and exaggeration of therapy effects, including overwhelming DNA damage and intrinsic apoptosis through increased ROS production and caspase activation.
Materials and methods
Materials
MCF-7 and MDA MB-231 were from ATCC and HeLa mitoDSRed2 cells were from Dr. BC Lee (University of Calgary). Dulbecco's modified Eagle's medium (DMEM), heat-inactivated fetal bovine serum (FBS), EDTA-Trypsin, antibiotic-antimycotic, H 2 -DCFDA, MitoSOX red, JC-1, MitoTracker green, and Fluo-4 AM were from Life Technologies Inc. Cdk5 (C-8), β-actin (C-19) and pro-caspase-9 (H-83) antibodies, and CsA and Mito-tempo were from Santa Cruz Biotech. Cleaved caspase-3 (5A1E), p-DRP S637 and DRP1 (4E11B11) antibodies were from Cell Signaling. Cdk5 and control siRNAs were synthesized at the University of Calgary Core DNA Services. The protease inhibitor cocktail and Mdivi-1 were from Sigma. SFA was obtained from Novartis (Switzerland).
Cell culture
Cells were cultured in DMEM supplemented with 10% FBS and 100 U/ml each of penicillin and streptomycin, and maintained under 5% CO 2 at 37°C.
siRNA transfection
Cells (2.5 × 10 5 ) were seeded on 6 cm dishes and transfected with 100 nM Cdk5 (5ʹ-GGGCUGGGAUUCUGU-CAUA-3ʹ) or control (5ʹ-CGUACGCGGAAUACUUCGAUU-3ʹ) siRNA using Silentfect (Bio-Rad) for up to 72 h.
Protein quantitation
Protein was quantified by Bradford assay (Bio-Rad).
Western blotting
Cell lysates (30-50 µg) in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) containing a protease inhibitor cocktail were resolved in 12.5% SDS polyacrylamide gels and electroblotted onto nitrocellulose membranes. Membranes were blocked in 5% skimmed milk then incubated with the indicated primary antibody (1:1000 dilution) at 4°C overnight. After washing with tris-buffered saline (TBS) + Tween-20 (TBST) (50 mM Tris-HCl, pH 7.6, 0.1% Tween-20, 0.8% NaCl), membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:10,000 dilution) for 1 h. Immunoreactive bands were detected using ECL reagent (Amersham).
Analysis for mitochondrial depolarization
JC-1 and TMRM probes were used. JC-1 is a ratiometric dye that forms aggregates in highly polarized/energized mitochondria and emits an orange-red fluorescence at 595 nm (red/phycoerythrin). In depolarized mitochondria, JC-1 remains as monomers and emits green fluorescence at 530 nm (green/fluorescein isothiocyanate). Flow cytometry detects emission at both wavelengths and, based on the ratios in green vs red fluorescence in the two-parameter space, separates populations of cells with polarized mitochondria from those with depolarized mitochondria. TMRM, on the other hand, is a monochromatic probe or single wavelength dye that is readily sequestered by polarized/energized mitochondria. After 72 h of siRNA transfection, cells were stained with JC-1 dye (5 µM) or TMRM (5 µM) for 30 min at 37°C and analyzed by flow cytometry and fluorescence live cell microscopy using an Olympus 1 × 71 microscope, respectively.
Flow cytometry
Cells (2.5 × 10 5 ) seeded on 3.5 cm dishes and transfected with control or Cdk5 siRNA for 72 h were washed with Hank's balanced salt solution (HBSS) and harvested using Trypsin-EDTA. Cytoplasmic hydrogen peroxide and mitochondrial superoxide levels and mitochondrial membrane potential were measured by staining with H 2 -DCFDA (5 µM), MitoSOX red (5 µM), and JC-1 (5 µM), respectively, in HBSS for 30 min at 37°C under 5% CO 2 . Cells were then washed with HBSS, resuspended in ice-cold phosphate-buffered saline (PBS) and analyzed by flow cytometry using a fluorescein isothiocyanate filter (530 nm) for DCFDA, a phycoerythrin filter (575 nm) for MitoSOX red and both fluorescein isothiocyanate and phycoerythrin filters for JC-1 detection. Cells treated with 0.3% H 2 0 2 or 500 µM doxorubicin were used as positive controls for the detection of cytoplasmic hydrogen peroxide and mitochondrial superoxide, respectively.
Live cell imaging
Cells seeded on four-chamber cover glass (Lab-Tek) were stained with DCFDA (5 µM), MitoTracker green (200 nM) + MitoSOX red (5 µM), or TMRM (5 µM) to measure cytoplasmic hydrogen peroxide and mitochondrial superoxide levels and mitochondrial membrane potential, respectively. Images were taken under an Olympus 1 × 71 fluorescence microscope at ×100 or ×160 magnification.
Confocal microscopy
To examine mitochondrial morphology, Hela mitoDS cells seeded on coverslips were fixed in 4% paraformaldehyde and mounted on slides using ProLong Diamond Antifade Mountant with DAPI (Life Technologies Inc.). Cells were analyzed under a ZEN lite confocal microscope (Carl Zeiss). Mitochondrial images were taken from 10 different fields in each of three independent experiments. At least 50 cells were counted per coverslip.
Immunofluorescence
Breast cancer cells fixed and permeabilized with 0.2% Triton X-100 were incubated with TOM20 (1:1000 dilution, Santa Cruz, FL-145) antibody and subsequently goat antirabbit secondary antibody conjugated with Alexa fluor 488. Breast cancer cells were analyzed under a super resolution confocal microscope (Leica) and ZEN lite confocal microscope (Carl Zeiss), respectively. Images were taken from 10 different fields in each of three independent experiments. At least 50 cells were counted per coverslip.
ATP measurement
Total cellular ATP level was measured using a bioluminescense assay (Life Technologies Inc.). Cell lysates were added to a reaction buffer containing 25 mM Tricine (pH 7.8), 0.5 mM D-luciferin, 1.25 µg/ml firefly luciferase, 5 mM MgSO 4 , 100 µM EDTA, and 1 mM DTT then incubated in the dark for 15 min at room temperature. Luminescence was measured using a luminometer at 560 nm. A standard curve was generated and used to calculate ATP concentration.
Calcium measurement
Cdk5-depleted cells (1 × 10 4 ) were seeded on black bottom 96-well plates and stained with Fluo-4 acetoxymethyl ester (Fluo-4 AM; 5 µM) in HBSS (with 1.26 mM calcium) for 30 min at 37°C. Cells were washed twice with HBSS (without calcium) and analyzed using a fluorescence microplate reader at 494/506 nm.
Calcineurin activity
Calcineurin activity was measured using an in vitro calciuneurin phosphatase activity assay kit (Abcam).
Treatment with inhibitors of mitochondrial mPTP, ROS, and fragmentation
Cdk5-depleted MDA MB-231, MCF-7 cells, or HeLa mitoDSRed2 cells were treated for 24 h with CsA (1 µM) or SFA (2 µM) to inhibit mPTP, Mito-Tempo (5 µM) to inhibit ROS, or Mdivi-1 (10 µM) to inhibit mitochondrial fission.
Survival assay
CCK-8 reagent (Dojindo) was used to evaluate cell viability following siRNA transfection and treatment with mitochondrial inhibitors. Surviving Cdk5-depleted cells were calculated by normalizing the values with surviving control siRNA-transfected cells.
Annexin V/7-AAD staining
Cells washed with ice-cold PBS and resuspended in binding buffer (10 mM HEPES, 140 mM NaCl, 10 mM CaCl 2 ) were incubated with annexin V-fluorescein isothiocyanate (Biotinium) and 7-AAD (3 µg/ml) for 15 min then subjected to flow cytometry (LSR II, BD Bioscience).
Statistical analysis
Student's t-test (unpaired, two-sided) or one or two-way analysis of variance (ANOVA) was used. Significance was set at p < 0.05.
